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Abstract
A possibility to detect X-rays from star-formation burst activities in proto-elliptical galaxies is consid-
ered. The X-ray flux of an emission due to inverse Compton scattering of the cosmic microwave background
(CMB) by high energy electrons accelerated in SNRs is shown to increase as z increases far beyond unity,
since the local CMB flux largely increases in association with a z-increase. The flux is estimated for the
case of a very high rate of type II supernovae at an initial star formation burst of a proto-elliptical galaxy
and is found to be detectable with a future large X-ray telescope such as intended in the XEUS mission.
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1. Introduction
X-ray observations of clusters of galaxies revealed
the presence of large amounts of iron (Mitchell et
al. 1975; Serlemitsos et al. 1976) and other heavy ele-
ments (Mushotzky et al. 1996) in the intracluster medium
(ICM). Supernova-driven galactic winds, which were first
considered in detail by Larson (1974), are now widely be-
lieved to be the origin of ICM enrichment.
Based on this hypothesis, several constraints on con-
tributions of various galaxies to the ICM enrichment and
on the past supernova (SN) activities in the galaxies were
obtained by comparing observations with theoretical ex-
pectations. The mass of ICM, which is proportional to
the iron mass, highly correlates with the luminosity from
ellipticals and lenticulars and its correlation with that of
spirals is poor (Arnaud et al. 1992). This indicates that
only ellipticals and lenticulars have participated in the
iron enrichment of the ICM. On the other hand, Renzini
et al. (1993) argued that the observed iron mass-to-light
ratio cannot be explained unless the past average rate of
Type Ia supernova was at least a factor of∼ 10 higher than
the present rate in ellipticals, or massive stars in clusters
formed with a very flat initial mass function. A similar
conclusion was obtained by comparing the total observed
amounts of not only iron, but also oxygen and silicon with
calculated yields from type II supernovae (Loewenstein,
Mushotzky 1996). Mushotzky and Loewenstein (1997)
investigated the z-dependence of the iron abundance in
clusters of galaxies, and found little or no evolution of it
out to z∼ 0.5. By combining this with a passive evolution
of elliptical galaxies known at least up to z ∼ 0.3 – 0.4,
most of the iron enrichment should have occurred at z >
1.
Elbaz et al. (1995) proposed a detailed model for bi-
modal star formation in elliptical galaxies and the enrich-
ment of the ICM, that is, at least, consistent with the
above constraints from the observations. In this model,
it is considered that about 1010 type II supernovae oc-
curred during the initial star-formation burst for about
107.5 years in proto elliptical galaxies at around z ∼ 5 –
10, and that most of iron was produced then.
If this very high rate of SN II explosions really hap-
pened in proto elliptical galaxies at a very early stage of
the universe, trials to obtain its observational evidences
should be very important. In this paper, we present an
interesting possibility to find them with X-ray observa-
tions.
Advanced Satellite for Cosmology and Astrophysics
(ASCA: Tanaka et al. 1994) found a firm evidence of pres-
ence of very high energy electrons in supernova remnants
(SNRs) from SN 1006 (Koyama et al. 1995). It was further
confirmed by a detection of TeV γ-rays from SN 1006 with
the CANGAROO Cerenkov light telescope (Tanimori et
al. 1998). The TeV γ-rays are well explained as the
inverse-Compton scattering of the cosmic microwave back-
ground (CMB) by the same high energy electrons as are
responsible for the Synchrotron emission in the radio and
X-ray bands. In relation to the origin of the cosmic-ray
particles, such a presence of high-energy particles as in SN
1006 would be common to every SNR. If so, we would ex-
pect an enhancement of the inverse-Compton emission of
the CMB from an SNR at an early epoch of the universe
because of the (1+z)4 dependence of the CMB flux on
the cosmological redshift factor z. The importance of the
inverse-Compton emission of the CMB in the early uni-
verse has been pointed out by Oh (2001). Hereafter, we
consider the detection possibility of the inverse-Compton
emission of the CMB from type II SNRs in star-formation-
bursting proto-elliptical galaxies in the early universe.
2. Emission from SNRs Due to Inverse-Compton
Scattering of Cosmic Microwave Background
Let us consider the case that a hot plasma with ther-
mal energy, UTh, was produced through shock, and that
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a fraction, f , of UTh was transferred to the total energy
of non-thermal protons, UNT,p:
UNT,p = fUTh. (1)
When the distribution functions in terms of the Lorentz
factor, γ, of the non-thermal protons and electrons in γ>1
are expressed as NNT,p = Cpγ
−µ and NNT,e = Ceγ
−µ,
respectively, the two normalization factors are related
to each other as Ce = (me/mp)
(µ−3)/2Cp, according to
(Bell 1978), where me and mp are the electron and pro-
ton mass, respectively. Thus, the normalization factor of
the electron distribution, Ce, can be given with the help
of equation (1) as
Ce = (me/mp)
−1/2fUTh/[mpc
2 ln(γp,Max)], (2)
for µ= 2, since UNT,p =Cpmpc
2 ln(γp,Max). Here, c is the
velocity of light.
In an SNR, these non-thermal electrons will collide with
the CMB photons, and radiate inverse-Compton emission.
Since the photon energy, E, after a collision of a CMB pho-
ton with an average energy, 2.7 kTCMB, with an electron
with γ is approximated as
E ≃ (4/3)γ2(2.7 kTCMB), (3)
electrons with γ ∼ 103 are responsible for X-ray emission.
Here, k is the Boltzman constant and TCMB is the black-
body temperature of the CMB. These electrons will lose
their energy mainly through ionization loss, and their life,
τe,IL is roughly given as (for the ionization loss rate, see
e.g., Ginzburg 1979)
τe,IL ∼ 3× 10
7n−1 yr, (4)
where n is the number density of ambient matter. Hence,
their life is expected to be 106 years at shortest in an inter-
stellar medium. The electrons will also lose their energy
through inverse-Compton emission, and the life time of
the electrons in a universe at z for the inverse-Compton
emission of the CMB photons is given as
τe,IC ∼ 3× 10
12γ−1(1+ z)−4 yr. (5)
The lifetime of electrons with γ ∼ 103 for the inverse-
Compton emission is longer than 106 years unless the
electrons exist in a universe at z close to 10. Thus, we
assume the lifetime of electrons responsible for the inverse-
Compton emission in the X-ray band to be 106 years here-
after.
The X-ray spectrum of the inverse-Compton emission
from a SNR with an age less than 106 years is given as
(see equation 7.31 in Rybicki and Lightman 1979)
dL
dE
=(8pi2r2e/h
3c2)CeF (µ)(kTCMB)
(µ+5)/2E−(µ−1)/2,(6)
where re and h are the classical electron radius and the
Planck constant respectively, and F (µ) is given as in
Rybicki and Lightman (1979). Thus, the X-ray luminos-
ity of the inverse-Compton emission in an energy range
between E1 and E2 is given by
L(E1,E2)=(8pi
2r2e/h
3c2)CeF (2)(kTCMB)
7/22E
1/2
1 [(E2/E1)
1/2
−1)],(7)
for µ=2. If we assume f =0.1,UTh=10
51 erg, TCMB=2.7
K, µ= 2, and ln(γp,Max) = 10, the 1 – 10 keV luminosity
is estimated as
L(1,10)≃ 6.2× 1030 erg s−1 (8)
The inverse-Compton emission was really detected
from SN 1006 by a TeV γ-ray observation with the
CANGAROO Cerenkov light telescope (Tanimori et
al. 1998), although the Synchrotron emission is domi-
nant over the inverse-Compton emission in the X-ray band
(Koyama et al. 1995). Allen et al. (2001) performed a joint
spectral analysis of RXTE-PCA, ASCA-SIS, and ROSAT-
PSPC data of SN 1006, and obtained fUTh∼ 10
50 erg s−1,
µ∼ 2, and ln(γp,Max)∼ 10. These values are all consistent
with those expected from general arguments on Galactic
cosmic-ray acceleration (see discussion in Allen et al. 2001
and references therein).
3. Emission from a Star-Bursting Proto-Galaxy
Let us consider how an X-ray flux of the inverse-
Compton emission from a SNR evolves with the cos-
mic redshift factor, z. Since TCMB,z = TCMB(1 + z) and
E1,z = E1(1 + z), a flux of the inverse-Compton emission
in an energy range between E1 and E2 detected from a
SNR at z, F (E1,E2)SNR,IC,z, is given as
F (E1,E2)SNR,IC,z =
L(E1,E2)(1+ z)
4
4pir2L
, (9)
where rL is the luminosity distance.
Here, we compare this z-dependence with that of the
Synchrotron emission in the same X-ray band from the
same electrons in the SNR. An X-ray spectrum of the
Synchrotron emission is ∝E
1/2
T E
−µ/2 in an energy range,
E >ET, where ET is the turn-over energy corresponding
to a turn-over Lorentz factor, γT, above which the slope of
the electron distribution becomes µ+1. γ of electrons re-
sponsible for the Synchrotron emission in the X-ray band
is as large as ∼ 108, while γT in 10
6 years is calculated to
be ∼ 3× 106(1+ z)−4 from equation 5 on an assumption
that the main energy loss of the high-energy electrons is
due to inverse-Compton emission. Since ET∝γ
2
TkTCMB∝
(1 + z)−7, the ratio of the flux of the inverse-Compton
emission to that of the Synchrotron emission is propor-
tional to (1+z)15/2 for µ=2. Hence, the inverse-Compton
emission should be dominant over the Synchrotron emis-
sion in the X-ray observations of relics of star-burst activ-
ities in distant galaxies.
The integrated flux from a proto-elliptical galaxy at z
is expected to be
F (E1,E2)P.G.,z = F (E1,E2)SNR,zNSNτe/τSFB. (10)
Here, τe is the average life of non-thermal electrons respon-
sible for inverse-Compton X-ray emission, and is assumed
to be 106 years. NSN and τSFB are the total SN-number
in a star-formation burst and the duration of the star-
formation burst. They are roughly 1010 and 107.5 years,
respectively, as in Elbaz et al. (1995).
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Fig. 1. Estimated X-ray flux from star-formation-bursting
galaxies as a function of z.
A result of calculations of equation (10) for L(1,10) =
1× 1031 erg s−1, NSN = 10
10, τe = 10
6 yr and τSFB =
107.5 yr, is shown in figure 1 as a function of z. In these
calculations, Ω = 0.3,Λ = 0.7,H0 =70 km s
−1Mpc−1 are
assumed. It is very interesting to note that the observed
flux is expected to rather increase as z increases beyond
unity. This is simply due to an increase of the CMB flux
in association with a z-increase.
4. Discussion
As can be seen in figure 1, the expected flux in 1 –
10 keV can exceed 10−17 erg cm−2 s−1 at z ∼ 10. If
the parameters adopted above are really adequate, such
an initial star-burst activity in proto elliptical galaxies
could be detectable in a 105 s observation with a large
X-ray telescope with a photon collecting area of several
105 cm2, such as intended in the XEUS mission (Bavdaz
et al. 1999). Such a large telescope could be realized in
fairly near future.
According to results from optical deep survey observa-
tions (e.g., Furusawa et al. 2000), the number of galaxies
with z > 1 is about 104 deg−2. Even if such a distant
galaxy has a violent star formation burst (SFB) with a pe-
riod of 107.5 years as discussed above, a chance to hit the
SFB in a galaxy will be only ∼ 1%. Hence, if a fraction,
of the order of 10%, of the galaxies experience the violent
SFBs, we could be able to detect the inverse-Compton X-
rays from a number, of the order of 10, of star-bursting
galaxies in a deg2 field.
Such an X-ray source would have the spectrum of a
power law with a photon index of around 1.5. Although
this spectrum is similar to that of AGNs, the star-burst
activity in a proto galaxy could have a spatial extension
of several ten kpc. If so, these sources should be detected
as sources with an extension of several arc seconds, and
hence be distinguishable from AGNs.
Even if we detect star-bursting proto galaxies, it might
be difficult to determine their distances. One possibility
to do it could be redshift determination of nuclear γ-ray
lines from the SN ejectas.
In a type II SN, an Fe56 atom is produced through a
process, Ni56 – Co56 – Fe56, and a Co56 emits a 1.2 MeV
or 0.85 MeV line in decaying with a time constant of 111
days. These nuclear lines are down-scattered by ambi-
ent cool electrons and are fully absorbed by the ambient
matter at the initial phase of a SN explosion. However,
as the ejecta expands, the ambient matter gradually be-
comes transparent for γ-ray lines in one or two years. At
this stage, γ-ray lines from Co57, 122 keV or 136 keV in a
sequence, Ni57–Co57–Fe57, are considered to be more de-
tectable than those from Co56. The amount of Fe57 is only
∼ 5% of that of Fe56 but the time constant of the Co57
decay to Fe57 is as long as 391 days. Since this decay time
is comparable to the time scale for the ejecta to become
transparent, about 10% of the 122 keV or 136 keV lines
emerges without any interaction with the ambient matter
(see e.g., Kumagai et al. 1993).
The expected Co57 line (a total of 122 keV lines and
136 keV lines) flux can be estimated as
ΦCo−line∼(fdetf57/56MFe/mFe)(1+z)/τSFB/(4pir
2
L),(11)
where fdet, f57/56,MFe,mFe are a probability for a Co
57
line to be directly detected, the abundance ratio of Fe57
to Fe56, the total iron mass produced in a star-formation
burst, and the mass of an iron atom, respectively. The
Co57 line flux was calculated from equation (11) based on
assumptions of the following parameter values, fdet = 0.1
(from Kumagai et al. 1993); f57/56 = 0.04 (Kurfess et
al. 1992); MFe = 10
9M⊙ (from Arnaud et al. 1992), as
a function of z. The estimated photon flux of the Co57
lines from proto elliptical galaxies is about 2 – 6 ×10−12
photons cm−2 s−1 for sources at z ∼ 5–10. This is far
below the detection limit of such large telescopes having a
photon collecting area as large as 104 cm2 in 10 – 20 keV
(the Co57 lines will appear in this range for sources with
z ∼ 5–10). However, after picking up a sufficient number
of serendipitous, slightly extended sources with AGN-like
spectra, possible candidates of star-bursting proto ellip-
tical galaxies, we might be able to sum up all of those
spectra and to see the z-distribution of the Co57 lines.
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